Based on a new electrogenerated chemiluminescence (ECL) analytical idea, this paper explains a sensitive and selective flow-injection ECL method using luminol for the determination of isoniazid, based on the sensitizing effect of isoniazid for the weak ECL emission of electrochemically oxidized luminol. Under the optimum experimental conditions, the relative ECL intensity was linear with isoniazid concentration in the range of 4.0 × 10 -8 mol/L to 8.0 × 10 -6 mol/L and with a detecting limit of 2.8 × 10 -8 mol/L.
Introduction
Isoniazid (pyridine-4-carboxylic acid hydrazide) is an important drug compound for the chemotherapy of tuberculosis. Many analytical techniques, [1] [2] [3] [4] [5] including spectrometric, 1, 2 fluorescence, 3,4 electroanalytical 5 and flow-injection chemiluminescence methods, 6, 7 have been developed for its determination. For example, based on the sensitizing effect of isoniazid for the CL reaction of ClO -with luminol, a more sensitive CL method for isoniazid has been developed by Huang et al. and a 4.6 × 10 -8 mol/L isoniazid can be detected. 8 However, due to the strong background CL emission arising from the chemical reaction of ClO -with luminol, the higher sensitivity for isoniazid is hampered. On the other hand, due to the significant pharmaceutic functions of isoniazid, there is still a need for rapid, inexpensive, but more sensitive and selective method for the determination of isoniazid, especially in the in vivo blood samples, to assess its pharmacokinetic performance.
More recently, as a useful sampling technique, microdialysis (MD) in vivo sampling technique has been extensively used in analytical science. In generally, microdialysis provides the clean samples that do not require any clean-up procedure prior to analysis, and the microdialysis probes can also be implanted in many tissues [9] [10] [11] [12] (such as in the brain 9, 10 and in the blood 11, 12 ) with minimal discomfort to the experimental animal. So this sampling technique may be a better candidate to sample isoniazid in the in vivo blood sample directly. But up to now, no report treats the on-line combination of isoniazid detecting method reported with MD in vivo sampling technique for analytical purposes.
As a powerful analytical tool, electrogenerated chemiluminescence (ECL) analysis has promising advantages over conventional CL. [13] [14] [15] [16] [17] First, the ECL reaction is easily regulated and manipulated by the electrode potential. Secondly, the luminescence is localized on the electrode surface, which allows the design of an efficient measurement for ECL signal. Thirdly, luminescence is electrochemically generated in situ without any contamination due to the addition of analytical reagents. Up to now, many useful ECL systems have been developed and have been widely used in analytical sciences. [15] [16] [17] However, in the reported ECL systems, 13, 15 it is clear that the most promising and rapidly developing area of ECL analysis concerns the luminol ECL system. [18] [19] [20] [21] [22] This is because this ECL system presents the high ECL emission quantum yields, the lower oxidizing potential and the inexpensive reagent consumption. In addition, the luminol-based ECL reaction can occur in aqueous buffered solutions in the presence of oxygen and other impurities. In the luminol-based ECL analysis, many analytes, such as hydrogen peroxide, 23 glucose and choline, 24 [26] [27] [28] and some luminol-labeled compounds, [29] [30] [31] have been sensitively detected. But no paper concerns any directly enhanced effect of organic compound on the weak ECL emission of luminol for analytical purposes.
In this research, we found that, at 0.80 V (vs. Ag/AgCl reference electrode) electrolytic potential, the weak ECL signal which was generated from electrochemical oxidizing luminol on the surface of platinum electrode in the borax buffer medium was greatly enhanced by isoniazid. The ECL emission increment was related to the amount of isoniazid. Based on this observation, a new sensitive and selective flow-injection ECL method for the determination of isoniazid was firstly described. In addition, because the ratio of the enhancing ECL signal of isoniazid to the background ECL signal of electrochemical oxidizing luminol can be adjusted and further optimized by selecting the suitable electrolytic potential for use in the proposed ECL method, the sensitivity of the proposed ECL method for the analysis of isoniazid, was superior to with those in other methods for isoniazid. [6] [7] [8] At the same time, according to the possible ECL reaction mechanism proposed, a new idea, based on coupling in situ electrochemical oxidizing reaction of analyte with the reducing reaction of the dissolving oxygen to generate active CL reaction species to achieve analysis of analyte, was also developed. At last, it was further found that this ECL method can be coupled effectively with MD in vivo sampling technique to in vivo detect the change of the isoniazid concentration in the blood of the rabbit to assess its pharmacokinetic performance.
Experimental

Reagents
All solutions were prepared from analytical-reagent grade materials with distilled, deionized water. Stock isoniazid solution (100.0 µmol/L) was obtained by dissolving suitable weight of isoniazid (Shanghai Chemical reagent plant) in water, and then transferring this solution into a calibrated flask and diluting to 1 L with water. The 0.05 mol/L borax buffer stock solution (pH = 9.26) was made by dissolving 9.7 g of Na2B4O7 in 0.5 L water.
Apparatus
The manifold scheme of the ECL flow system used in this work is shown in Fig. 1 . Two peristaltic pumps were used to deliver the carrier stream (borax buffer solution), sample solution and luminol solution. The injections of both the mixing solution of sample with luminol and the luminol solution was made using a six-port valve equipped with a 30 µL sample loop. The flow-through electrolytic cell (FEC) utilizes a conventional three-electrode setup and was arranged as shown in Fig. 2 . The flow-cell was made of glass tubing (length: 3.0 cm; i.d.: 3 mm). The working electrode was a platinum flake (length: 2.0 cm; width: 3 mm). The stainless-steel tube and Ag/AgCl wire were used as the counter electrode and reference electrode, respectively. The distance between the six-port valve and the FEC was 10 cm as in Fig. 1 . The applied potential for constant potential electrolysis was achieved by a DJS292 potentiostat/galvanostat (Shanghai analytical instrument plant). The ECL intensity was transformed into an electrical signal by an R456 photomultiplier (Hamamatsu) which was operated at -800 V and was directly placed in front of the ECL flow-cell. The signal was recorded with a Petinum II computer equipped with an IFFL recording soft (Xi'an Ruike Electronic Company, China).
Procedures
In order to achieve good mechanical and thermal stability, the instruments were allowed to run for 10 min before the first measurement was made. The carrier stream and sample stream were each fed at a flow rate of 2.5 ml/min. Electrolytic potential of 0.80 V was applied to the working electrode with a DJS292 potentiostat/galvanostat.
While the blank solution and the standard isoniazid solutions or the isoniazid sample solution were injected into the carrier stream with a six-port valve, the blank ECL signal or the enhanced ECL signals were recorded. The concentration of isoniazid was quantified by the peak height of the enhancing ECL emission intensity, which is obtained by deducting the blank ECL intensity of luminol solution from that of the sample or standard isoniazid solutions.
Results and Discussion
ECL reaction mechanism
For obtaining a clear ECL reaction scheme on this sensitizing kind of luminol-based ECL reaction, the ECL emission spectrum was taken with an Rf-540 fluorescence spectrophotometer. The procedure was as follows: the flowthrough electrolytic cell was firstly placed on the window of the detector of the Rf-540 fluorescence spectrophotometer and the exciting lamp was turned off, then the luminol solutions which contains isoniazid in the borax buffer medium was made to flow continuously through the flow-through electrolytic cell. After these operations, 0.80 V electrolytic potential was applied to the working electrode and the ECL emission spectrum was recorded. The result showed that the maximum emission wavelength of the ECL emitter was nearly 425 nm. This indicated that the possible ECL emitter was the excited state of 3-aminophthalate. 32 The effect of the potential used on the enhancing ECL signal (as shown in Fig. 3) showed that: If no suitable potential was applied to the working electrode, no CL signal was observed; while the potential was at 0.30 V (vs. Ag/AgCl electrode) but not the typical ECL oxidization potential of luminol, the enhancing ECL signal arising from the isoniazid could be easily observed. Up to 0.80 V, the enhancing ECL signal achieved its maximum value. Above 0.80 V, this enhancing function decreased slowly. At the same time, the blank ECL signal arising from the luminol did not change over the used potential range. These results suggested that the electrochemically oxidizing product of isoniazid at a suitable oxidizing potential was the key species for the appearance of enhancing ECL signal. Moreover, the cyclic voltammetry experiments of isoniazid (as shown in Fig. 4 ) in the same experimental conditions as those of its ECL analysis showed that one oxidizing wave related to the electrochemical oxidation of isoniazid can be obviously observed at 0.50 V. This oxidizing potential value was lower than that of the optimum enhancing ECL potential in the flow-injection system. This result further indicated that the key species in the proposed ECL reaction, along with the electrochemically oxidizing products of isoniazid, should include the electrochemically oxidizing products of luminol at 0.80 V.
For presenting the real key electroactive group in the molecule of isoniazid, we further found that the N2H4·H2SO4 presented a similar enhancing ECL function to that of isoniazid for the luminol weak ECL emission. These results indicated that the hydrazine group in the isoniazid was the key enhancing ECLactive function group.
At the same time, we further found that, when the all solutions in this ECL system were deoxidized with pure nitrogen gas, the enhancing function of isoniazid for this weak ECL signal or the weak ECL signals nearly disappeared. This result suggested that the dissolving oxygen in the solutions was another key species in the proposed ECL system. For exploring the relationship of these two key species (dissolving oxygen and the electrochemically oxidation product of isoniazid at 0.80 V electrode potential) in the proposed enhancing ECL system, some active oxygen cleaning reagents such as ascorbic acid or benzophenone were added to the solutions of isoniazid or luminol. The experimental results showed that the enhancing ECL signal or ECL signal nearly disappeared when the ascorbic acid was added. These results suggested that the active oxygen, more possible the superoxygen anion radical, may be produced in the proposed ECL reaction.
Based on these investigated results and the chemical property of isoniazid, we presumed that the ECL reaction mechanism of this system was as follows:
At first, both the luminol and isoniazid can be oxidized at 0.80 V potential on the surface of the platinum flake electrode. The luminol radical and the electrochemically oxidizing products of the isoniazid, an reducing intermediate, were produced, in the diffusion layer of the electrode. This reducing intermediate was most likely the isoniazid radical and thus presented the stronger reducing ability. Then, it can further reduce dissolving oxygen in the solution to generate the superoxygen anion radical. Then, the chemical reaction of the superoxygen anion radical with luminol radical emitted the stronger light.
The design of the flow-injection ECL system
For obtaining the strongest enhancing ECL signal arising from the isoniazid for this weak ECL signal from the electrochemically oxidizing luminol, many different kinds of designs were suggested for the flow-injection scheme diagrams. The investigated results showed that when the mixing solution of isoniazid with luminol was injected into the flow-through electrolytic cell, the enhancing ECL signal arising from the isoniazid for that of luminol was the strongest. One possible reason may be that the active oxygen was more instable and needed to be in situ provided. Thus, this flow-injection flow system diagram (as shown in Fig. 1 ) was used in the subsequent experiments.
The selecting of the carrier stream
The component of the carrier stream, including its pH and the kinds of the supporting electrolytes, was not only the medium of the ECL reaction of isoniazid, but also the key factor which affected the reproducibility of this ECL analytical method. This was because the carrier stream was also used as the treating solution to treat the working electrode to eliminate the problem of the electrode fouling encountered with constant potential electrolysis methods during the period of sampling times.
Based on this consideration, many different carrier streams such as NaOH, Na2CO3, NaHCO3 and NH3·H2O etc. were used for this purpose in the suitable concentration range; the results investigated are shown in Table 1 . As shown in Table 1 , although the 0.10 mol/L NaHCO3 solution offered the biggest ratio of signal to noise, the reproducibility of the enhancing ECL signal was very poor. At the same time, while 0.05 mol/L borax buffer solution was used as the carrier stream, the proposed ECL method presented not only the higher ratio of enhancing ECL signal of isoniazid to blank ECL signal of luminol, but also offered the better reproducibility for monitoring isoniazid. Thus, this buffer solution was selected as the carrier stream for the determination of isoniazid in the proposed ECL system.
Effect of the flow rates
Based on the principles of flow-injection analysis (FIA) and our preliminary testing, it was found that if the flow rate of the luminol stream was equal to that of the sample (or the standard 1097 ANALYTICAL SCIENCES SEPTEMBER 2001, VOL. 17 Table 1 The effect of the medium of the carrier stream on the ECL intensity for 4.0 × 10 -7 mol/L isoniazid isoniazid solutions) stream, the changes of the flow rate over a wide range did not result in any obvious effects on the enhancing ECL effect of isoniazid in the proposed ECL system. The reason was that these two streams provided a means to online mix luminol with isoniazid. At the same time, it was also found that the flow rate of carrier stream was other key factor for affecting the enhanced ECL signal of isoniazid in the proposed ECL flow system. The main reason was that the flow rate of carrier stream not only controlled the retaining time of the ECL emitter, which was generated electrochemically in the near surface of the electrode, in the ECL emission detector, but also provided a helping force to make an effective chemical reaction of electrochemical oxidation products of isoniazid with dissolving oxygen to produce the more active oxygen species on the near surface of electrode. This effect was studied in the range of 0.5 to 3.0 mL/min. The results showed that a 2.5 mL/min carrier stream flow rate was the best one and it can provide the strongest enhancing ECL signal of isoniazid. So it was selected for the subsequent experiments.
Effect of the luminol concentration
The initial testings showed that the ratio of the enhancing ECL signal of isoniazid to the blank luminol ECL signal was more dependent upon the luminol concentration; thus this effect was further studied in detail. The investigated results showed that no one of the concentrations investigated was better than that of 8.0 µmol/L luminol for obtaining the biggest ratio of signal to noise. Thus, 8.0 µmol/L luminol was selected as an optimum concentration for detecting isoniazid.
Analytical performance for isoniazid measurements
Under the selected conditions given above, the calibration curve of isoniazid standard solutions was obtained with an interval injection method.
The response to isoniazid concentration was linear in the range of 4.0 × 10 -8 to 8.0 × 10
mol/L and with 2.8 × 10 -8 mol/L detection limit (signal to noise = 3). The regression equation was I (mV) = 1.16+13.6
[isoniazid] (10 -7 mol /L). The correlation coefficient was 0.9998. The relative standard deviation was less than 5% for the determination of 2.0 × 10 -7 mol/L isoniazid (n = 7).
Interference study
The effect of common components in serum on the determination of isoniazid was studied. One species was not considered to interfere if it caused a relative error of less than 5% for the determination of 4.0 × 10 -7 mol/L isoniazid. The tolerable ratios of common components in serum to 4.0 × 10 -7 mol/L isoniazid are listed in Table 2 . As can be seen from Table 2 , the proposed ECL method presents the better selectivity.
Analytical application
The concentration of isoniazid in an injection as a pharmaceutical preparation was determined by the proposed method. A sample was diluted suitably with water to bring the isoniazid concentration into the response concentration range before measurement. The results are shown in Table 3 . The values obtained by the calibration method as well as those obtained by the standard addition method were in excellent agreement with the reference value.
For evaluating the potential of the proposed ECL method as the better candidate to investigate the in vivo pharmacokinetic application of isoniazid, a pin-style flexible microdialysis probe (molecular weight cut-off is 5000), filled with physiological saline solution (termed the perfusate), was implanted into the edge vein of a white and awake rabbit's ear (weight: 2.5 kg) by the similar way to those described previously. 33 Due to the limitation of the microdialysis sampling technique on the perfusion flow rate, 9,34 the dialysis species and the luminol solution was on-line mixed by a syringe pump (flow rate: 5 µL/min) and a slow rate pump (flow rate: 5 µL/min), respectively. Then, the on-line mixing solution in the sampling loop was injected into the flow cell every 10 min and the blank ECL signals were recorded. All of these operations were achieved by a Petinum II computer. After this ECL system run 1.5 h, 2.5 × 4 mg isoniazid was injected into muscle of this white rabbit by a 5 mL injector. The related ECL signals were recorded and defined as the enhancing ECL signal. The profile of the isoniazid concentration, detemined by the relative ECL signals, to the time after the drug was injected into the muscle of this white rabbit is shown in Fig. 5 , and the relative ECL signals were obtained by deducting the blank ECL signal from the enhancing ECL signals. This profile revealed that the proposed method gave the better detecting performance to investigate in vivo isoniazid concentration change in the white rabbit blood. This method can be further used to investigate the pharmacokinetic process of isoniazid. Table 2 The tolerable concentration ratios with respect to isoniazid for some interfering species Substance Tolerable concentration ratio Table 3 
